
"AD"A 59 579 N.PAGE 10M07.""l kflll/IllI/
1. AGENCY USE ONLv - 1 1 j 1 TT•PE DATES COVERD

4. TnE AN0 SUBTITI S. FUNDING NUMBERS

Fluoxetine Hydrochloride Enhances In Vitro Susceptibility
to Chloroguine in Resistant Plasmodium falciparum
4. AUTHOR(S)

Lucia Gerena, Glenn T. Bass, Sr., Dennis E. Kyle,
Ayoade M.J. Oduola, Wilbur K. Milhous, Rodger K. Martin

7. P•QMNG ORGANIZATION NAME(S) AND AOOR•SS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Walter Reed Army Institute of Research
Washington, DC 20307-5100

S. SPONSORINGJACMNITORING AGENCY NAME(S) AND AOORESS(ES) 10. SPONSOIANG/MONITORING
AGENCY REPORT NUMBER

U.S. ArmyMedical Research & Development Command
Ft. Detrick, Frederick, MD 21702-5012

11. SUPPLEMENTARY NOTES

112& OISTUIIUTION/AVA1LAGIUT STATEMENT im ~ 2.otsTRBITIn CODE
TICT

"APPROVED FOR PUBLIC RELEASE AN12 19930
DISTRIBUTION UNLIMITED

13. ABSTRACT (MWaanww 200 wvrdj
The mergence of chloroquine resistance in Plasmodium falCciparum has necessitated
the development of alternate strategies for chemotherapy and chemoprophylaxis. One
approach has been the identification of drugs that do not possess any intrinsic
antimalarial activity when used alone but that potentiate the effect of currently
available antimalarial drugs, such as chloroquine. We identified fluoxetine hydro-
chloride (Prozac), a commonly prescribed antidepressant, as another resistance
modulator for drug-resistant P. falciparum. Studies with chloroquine-resistant
clones and isolates from-various geographical locations confirmed our initial
observations with a chloroquine-resistant P. falciparum clone, W2. Fluoxetine con-
centrations of 500 nM were found to effectively modulate chloroquine resistance by
66% in clone W2. In comparison, verapamil at similar concentrations was observed
to modulate chloroquine resistance in clone W2 by 61%. Neither fluoxetine nor
verapamil was observed to possess any innate antimalarial activity. These data
augment the current description of the chloroquine resistance phenotype and may
provide additional insights into lead-directed synthesis of new antimalarial drugs.

14. SUBJECT TERMS IS. NUMBER OF PAGES

Fluoxetine hydrochloride; chloroquine resistance; 16. P CODE

Plasmodium falciparum

17. SECUITY CLASSIFICATION 16. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. UMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

•SN 75-"-oS.. Stanaro 9orrm 298 (Rev. 2-891-

0ninmllyU n ni4 $W A 1i39.1$



ANTIMICýROBIAL AGENrs AND CHEMOTHERAPY, Dec. 1992, p. 2761-2765 Vol. 36, No. 12
0066-4804/92/122761-05$02.00/0
Copyright © 1992, American Society for Microbiology

Fluoxetine Hydrochloride Enhances In Vitro Susceptibility to
Chloroquine in Resistant Plasmodium falciparum

LUCIA GERENA, 1 GLENN T. BASS, SR., 1 DENNIS E. KYLE, 2 AYOADE M. J. ODUOLA, 3

WILBUR K. MILHOUS,1 t AND RODGER K. MARTINlt*

Division of Experimental Therapeutics, Walter Reed Army Institute of Research, Washington,
DC 20307-51001; Department of Immunology and Biochemistry, Armed Forces Research

Institute of Medical Sciences, APO AP 965462. and Malaria Research Laboratory, to
University of Tbadan, Ibadan, Nigeria3

Received 24 August 1992/Accepted 28 September 1992

The emergence of chloroquine resistance in Plasmodium falciparum has necessitated the development of S_ M
alternate strategies for chemotherapy and chemoprophylaxis. One approach has been the identification of M
drugs that do not possess any intrinsic antimalarial activity when used alone but that potentiate the effect of
currently available antimalarial drugs, such as chloroquine. We identified fluoxetine hydrochloride (Prozac),
a commonly prescribed antidepressant, as another resistance modulator for drug-resistant P. falciparum.
Studies with chloroquine-resistant clones and isolates from various geographical locations confirmed our initial
observations with a chioroquine-resistant P. fakiparum clone, W2. Fluoxetine concentrations of 500 nM were
found to effectively modulate chloroquine resistance by 66% in clone W2. In comparison, verapamil at similar
concentrations was observed to modulate chloroquine resistance in clone W2 by 61%. Neither fluoxetine nor
verapamil was observed to possess any innate antimalarial activity. These data augment the current description
of the chloroquine resistance phenotype and may provide additional insights into lead-directed synthesis of new
antimalarial drugs.

Malaria is a significant source of morbidity in the world, ity, desipramine (3) and chlorpromazine (12), are effective
with an estimated annual prevalence of 270 million infections modulators of chloroquine resistance; in contrast, penfluri-
(19). It is a serious impediment to economic and agricultural dol (13, 17) has been found to potentiate mefloquine, halo-
growth and development, particularly in less developed fantrine, and artemisinin. In addition, fluoxetine met certain
countries. At present, the quinoline ring-containing drugs structural criteria previously established for resistance mod-
remain the most efficacious drugs for chemoprophylaxis and ulators. Lipid solubility, two planar aromatic rings, a cati-
chemotherapy of Plasmodium falciparum malaria. Chloro- onic charge, and a tertiary nitrogen were found to be
quine, a 4-aminoquinoline, has been the drug of choice for important characteristics for reversal modulators (2, 22).
several decades. However, the increasing prevalence and Whereas fluoxetine fulfilled these criteria, it is worth noting
the degree of chioroquine resistance in regions endemic for that the structure is unlike those of other reported modula-
P. falcparum malaria have substantially compromised its tors of chloroquine resistance, the tricyclic antidepressants
clinical utility. Although more than 350,000 compounds have (desipramine), the phenathiazines (chlorpromazine), or the
been evaluated for their antimalarial activities at the Walter calcium channel antagonists (verapamil) (Fig. 1). We present
Reed Army Institute of Research, few new leads for drug in vitro data that identify fluoxetine as a reversal modulator
development have been identified. Despite the development for chloroquine-resistant P. falciparum malaria.
of mefloquine, halofantrine, and artemisinin as new blood
schizonticides, few effective drugs with enhanced antimalar-
ial activity, reduced cost, and low toxicity exist. In order to MATERIALS AND METHODS
preserve the efficacies of current and future chemotherapeu- Parasite clones and isolates. Several well-characterized
tic agents, alternative drug strategies must continually be clones and isolates of P. falciparum with different suscepti-
developed, evaluated, and implemented. One approach that bility profiles were used for the drug assays described here.
merits further investigation and possible implementation has The clones W2 (15) and D6 (15) are reference clones from
been the identification of drugs that, at subinhibitory con- Indochina III and Sierra Leone isolates, respectively. The
centrations, modulate chloroquine resistance. Such drugs threshold values for chloroquine susceptibility and resis-
include verapamil (14), desipramine (3), chlorpromazine tance were determined by using the reference chloroquine-
(12), ketotifen (1), tetrandrine (20, 21), and cyproheptadine susceptible clone D6 (50% inhibitory concentration [IC 5o],
(16). !s3 ng/ml). IC 50s greater than 4 ng of chloroquine per ml

Our rationale for screening fluoxetine hydrochloride were considered resistant. Clone GA3 is a clone of the GH2
(Prozac) as a potential modulator was based on our previous isolate obtained from Thailand. Clone 306 is a clone of the
observations that various compounds with neuroleptic activ- IEC 51/84 isolate from Brazil. Nigeria 60 is a patient isolate

recently collected from Africa. Clones GA3, 306, and W2

• Corresponding author, and isolate Nigeria 60 are chloroquine resistant.
"" Present address: U.S. Army Medical Research Unit-Brazil, Drug assays. The susceptibilities of each clone to the

American Consulate-Rio 3501, APO AA 34030-3501. tested drugs were evaluated by using a modification of the
t Present address: Department of Clinical Investigation, Attn., semiautomated microdilution technique (7). Chloroquine

HSHJ.CI, Madigan Army Medical Center, Tacoma, WA 98431. diphosphate, fluoxetine hydrochloride, and verapamil hy-
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FIG. 1. Structures of fluoxetine and other drugs that have been reported to modulate chloroquine resistance in P. falciparum. Fluoxetine

is not structurally similar to other previously reported reversal modulators.

drochloride were obtained from an inventory of drugs main- subinhibitory concentrations of the reversal agents were
tained by the Walter Reed Army Institute of Research. Drug compared to ascertain the degree of modulation. In order to
assays were performed in 96-well microtiter plates with 1% evaluate fluoxetine's modulation of chloroquine resistance,
erythrocyte suspensions at 0.2 to 0.5% parasitemia in RPMI simultaneous studies were performed with verapamil, a drug
1640 supplemented with 25 mM HEPES (N-2-hydroxyeth- whose reversal activity in P. falciparum has been well
ylpiperazine-N'-2-ethanesulfonic acid), 32 nM NaHCO3 , and documented (14). The IC51s of each drug alone and of
10% human plasma. Microtiter plates were prepared with various drug combinations were determined.
serial dilutions of drug to determine IC5os. Each plate Modulation of the susceptibility of the parasite to chloro-
containing parasites and drug was incubated at 37*C in an quine singularly and in the presence of the resistance mod-
airtight Plexiglas box in the presence of 5% oxygen-5% ulator at predetermined concentrations was expressed as the
carbon dioxide-90% nitrogen. After 24 h of incubation, response modification index (RMI) (12). RMIs were calcu-
cultures were labeled with [iH]hypoxanthine (NEN Dupont) lated by the following formula: RMI = ICSA.B/CS0(A)),
and were then incubated for an additional 18 to 20 h prior to where IC,,(A) is the chloroquine IC5 o, and IC5,B) represents
harvesting. Incorporation of radiolabel in each well was the resistance modulator IC5o. The resistance modulator (B),
determined by scintillation spectrophotometry, and comput- by definition, possesses little, if any, intrinsic antimalarial
er-generated concentration-response curves were analyzed activity. An RMI equivalent to 1.0 represents no change in
by nonlinear regression. The susceptibilities of the parasites the IC 5o upon addition of the resistance modulator at prede-
to the antimalarial drugs alone and in combination with termined levels. An RMI of greater than 1.0 demonstrates an
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TABLE 1. Reversal of chloroquine resistance in P. falciparum by verapamil

IC~so (ng/ml [RMI]) for'
Drug

Clone D6 (S) Clone W2 (R) Clone GA3 (R) Clone 306 (R) Nigeria 60 (R)

Verapamil 5,3W0 1,606.07 2,730 > 492 1,245

Chloroquine 2.89 (1.0) 71.1 (1.0) 22.09 (1.0) 68.0 (1.0) 66.3 (1.0)

Chloroquine with verapamil at:
62.5 nM 2.69 (0.93) 67.6 (0.95) 20.2 (0.91) 68.9 (1.01) 59.0 (0.89)
125 nM 2.92 (1.01) 51.1 (0.72) 32.7 (1.48) 70.0 (1.02) 47.7 (0.72)
25'1 nM 2.79 (0.96) 39.3 (0.55) 13.0 (0.59) 65.9 (0.97) 20.0 (0.30)
500 nM 2.62 (0.91) 27.5 (0.39) 11.5 (0.52) 60.7 (0.89) 14.9 (0.22)
1,000 nM 2.73 (0.95) 14.6 (0.21) 6.0 (0.27) 42.2 (0.62) 6.84 (0.10)

" R, chloroquine resistant; S, chloroquine susceptible.

antagonistic effect between the resistance modulator and antimalarial drug (chloroquine, mefloquine, etc.) and the
chloroquine, whereas an RMI of less than 1.0 represents origin of the parasite isolate (13). Therefore, clones and
potentiation or synergism. isolates obtained from Southeast Asia, Africa, and South

America were evaluated. The degree of reversal as deter-

RESULTS mined by the RMIs were similar in parasites of diverse
geographical origin, with the exception of the South Amer-

The IC 5, responses of geographically diverse clones and ican clone, clone 306 (Tables 1 and 2).
isolates of P. falciparum to chloroquine alone and in com-
bination with resistance modulators are presented in Tables
1 and 2. The response of the chloroquine-susceptible para- DISCUSSION
site clone D6 to the fluoxetine and chloroquine combination Preservation of the clinical utility of chloroquine repre-
was found to be similar to that of the clone to verapamil and sents a significant concern and challenge for public health
chloroquine (Tables 1 and 2, respectively). For either com- officials and clinicians. The rapid spread of drug resistance
bination of drug and resistance modulator, there was no has resulted in a concerted effort to disseminate new drugs
potentiation of chloroquine in the susceptible parasite. In- such as mefloquine, artemisinin, and halofantrine as alterna-
deed, the RMIs suggested that the effects of these modula- tives for chemoprophylaxis and chemotherapy of P. falci-
tors were additive for chloroquine (Tables 1 and 2). Nor did parum malaria. However, with the notable exception of
the reversal modulators used singly possess any significant mefloquine, these drugs have not been licensed in all coun-
antimalarial activity. These data for fluoxetine and verapamil tries. Chloroquine remains the most attractive drug because
are consistent with similar observations for other chloro- of its availability and low cost. Therefore, we have been
quine reversal agents (3, 12-14). interested in identifying and developing drug and antimalar-

In contrast, the data obtained for clone W2, the chloro- ial drug combinations that may act to restore chloroquine
quine-resistant parasite, suggested that fluoxetine is as effec- activity in chloroquine-resistant parasites.
tive as verapamil at reversing chloroquine resistance (Table The mechanism of action of fluoxetine is not well charac-
2). At concentrations from 62.5 to 1,000 nM, the RMIs for terized; however, it is presumed to be a serotonin uptake
fluoxetine and verapamil in combination with chloroquine inhibitor (10). It is this aspect of the drug's proposed action
were not found to be different (1.06 to 0.18 and 0.95 to 0.21 that may have relevance to its effect on reversing chloro-
at 1,000 nM, respectively) (Tables 1 and 2). quine resistance. It has been demonstrated that in drug-

To confirm these observations, similar studies were per- resistant human cell lines the extrusion of cytotoxic com-
formed with more recent clones and isolates from different pounds is mediated by an energy-dependent transport
geographical locations. It has been reported that responses mechanism involving the P-170 glycoprotein encoded by
to various reversal modulators are contingent upon the mdrl (9). The P. falciparum equivalent of the human mdrl

TABLE 2. Reversal of chloroquine resistance in P. falciparum by fluoxetine

DrugIC5o (ng/ml [RMI]) for•:Drug

Clone D6 (S) Clone W2 (R) Clone GA3 (R) Clone 306 (R) Nigeria 60 (R)

Fluoxetine 2,000 1,500 1,359 > 346 >346

Chloroquine 2.58 (1.0) 86 (1.0) 55.6 (1.0) 36.5 (1.0) 56.5 (1.0)

Chloroquine with fluoxetine at:
62.5 nM 2.63 (1.02) 91.2 (1.06) 38.0 (0.68) 20.1 (0.55) 52.4 (0.93)
125 nM 2.62 (1.02) 78.7 (0.92) 21.1 (0.38) 22.6 (0.62) 35.7 (0.63)
250 nM 2.84 (1.10) 45.0 (0.53) 20.0 (0.36) 18.0 (0.49) 16.7 (0.30)
500 nM 3.82 (1.48) 29.0 (0.34) 18.0 (0.32) 18.0 (0.49) 12.9 (0.23)
1,000 nM 2.59 (1.0) 15.8 (0.18) 10.8 (0.19) 7.2 (0.19) 4.9 (0.09)

R, chlooqumie resistant; S, chloroquine susceptible.
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gene, the pfmdr] gene, has been identified (8, 18) and identify potent resistance modulators without significant
localized to the parasitic digestive vacuole (6). However, no neuroleptic effects.
differences in the quantitation of the p-glycoprotein in chlo- The continued identification of additional resistance mod-
roquine-susceptible and -resistant clones were observed. It ulators such as fluoxetine will assist in the efforts to exquis-
has been reported that the accumulation of chloroquine is itely define the structure-activity relationships of these drugs
less in resistant parasites than it is in susceptible parasites and the drug resistance phenotype and may provide evi-
because of an active efflux mechanism (11). dence for identifying the gene(s) and mechanisms involved in

The proposed mechanism of reversal of resistance for the resistance phenotype. The selection criteria for modu-
fluoxetine and other modulators of P. falciparum drug resis- lating antimalarial resistance may further be delineated on
tance is unknown. Hypothetically, resistance modulators the basis of the general reversal activity of the drug, the
inhibit the extrusion of these cytotoxic compounds from the geographical origin of the resistant parasite, and the specific
parasite by competition for a binding site on the P-170 resistance phenotype addressed.
glycoprotein. Presumably, this has been proposed as the
mechanism of reversal in the human equivalent P-170 glyco- ACKNOWLEDGMENTS
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